We report a simplified reflection mode Fabry-Perot interferometry method for determination of electro-optic (EO) coefficients of poled polymer thin films. Rather than fitting the detailed shape of the Fabry-Perot resonance curve, our simplification involves a technique to experimentally determine the voltage-induced shift in the angular position of the resonance minimum. Rigorous analysis based on optical properties of individual layers of the multilayer structure is not necessary in the data analysis. Although angle scans are involved, the experimental setup does not require a θ-2θ rotation stage and the simplified analysis is an advantage for polymer synthetic efforts requiring quick and reliable screening of new materials. Numerical and experimental results show that our proposed method can determine EO coefficients to within an error of ~8% if poled values for the refractive indices are used.
Introduction
Second-order nonlinear polymers have been widely studied because of their potential applications in high-speed communication and signal processing [1] . A simple and reliable characterization method
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for linear electro-optic (EO) coefficients has been an important issue because researchers who are extensively working on the development of new materials prefer a simple method to quickly screen newly-engineered nonlinear optical (NLO) polymers. Measurements of the EO coefficients of second-order NLO polymers (NLOP) have often been carried out using a reflective arrangement introduced by Teng and Man as well as by Schildkraut, both in 1990 [2, 3] . However, in many cases, large systematic errors can result from the simple analysis because it ignores potential multiple reflection effects in a stratified structure [4, 5] . In 2006, Park et al. reported a rigorous analysis of the Teng-Man technique taking into account all layers of the sample structure to get a reliable result [4] . This analysis requires accurate layer information, such as anisotropic refractive indices and thickness of each layer. Although single angle of incidence data and analysis can be performed, more extensive data taking at multiple angles together with a fitting process gives the most reliable results.
Using a reflective sample structure as one of the mirrors, Mach-Zehnder interferometry [6, 7] and a Michelson interferometry method [8] have been reported for measuring EO coefficients as well as piezoelectric contributions [7, 8] . They can also be shown to have similar systematic errors if multiple reflection effects are ignored. In addition, these interferometric methods require careful aligning of the signal and reference beams and the interference pattern is susceptible to drift. Although the Mach-Zehnder method can be used to determine both r 13 and r 33 , the Michelson method can only measure r 13 and a separate experimental technique must be used to get r 33 . The modified attenuated total reflection (ATR) method [9, 10] can also measure r 13 and r 33 separately, without an assumption for the value of the ratio r 13 /r 33 as required in both the simple and rigorous Teng-Man reflection methods [2] [3] [4] . The metal electrode must be removed to enable ATR characterization in order to couple light into the nonlinear thin film using a prism. Removal of the electrode, however, eliminates the option to re-pole the sample under different poling conditions in the process of optimization.
A spectroscopic Fabry-Perot (FP) method was introduced by Uchiki et al. [11] for the characterization of both second-and third-order nonlinearities. This method requires inclusion of a complete picture of the multilayer structure parameters in the analysis. Eldering et al. [12] demonstrated the use of a transmission mode FP etalon with angle scanning at a fixed wavelength to study second-order nonlinear properties of polymer materials by fitting numerical data based on a relatively simple analysis of the multilayer structure requiring two semitransparent electrodes. O'Brien et al. [13] introduced a variation of the transmission FP technique using a thick glass substrate. The use of FP analysis was later applied by Pretre et al. [14] to decal-deposited reflection FP structures in order to measure complex linear optical and electro-optic parameters as well as to characterize the inverse piezoelectric contribution. This analysis takes into account the complete multilayer structure properties and requires fitting the detailed shape of the Fabry-Perot resonance curve. This reflective FP method also requires a rotation stage in the experimental setup. In this paper, we present a somewhat simplified experimental setup not requiring a rotation stage together with a simplified analysis of reflection mode Fabry-Perot interferometry. As in the rigorous FP analysis methods [14] , a transparent yet highly reflective layer such as a transparent conducting oxide (TCO) or thin gold is employed. In this simplified technique, however, the analysis of data does not require separate measurement and fitting of the optical properties of the electrodes, as is required in earlier [14] rigorous FP methods. Rather than fitting the detailed shape of the Fabry-Perot resonance curve as in [14] , our simplification involves a technique to experimentally -2 θ θ -2 θ θ determine the voltage-induced shift in the angular position of the resonance minimum. The simplified method can give a reliable measurement within an error of ~8% at telecommunication wavelengths of 1,300 nm and 1,550 nm without including the complete multilayer structure in the analysis. We show numerical simulations using rigorous analysis to justify the simplified analysis for extracting EO coefficients. Experimental results are given and we discuss limitations and errors depending on optical properties of the electrode layers and nonlinear films.
Experimental Setup and Data Analysis
Angle-dependent reflectivity and voltage-modulated reflectivity data are collected using the experimental setup shown in Figure 1 . A polarizer and half wave plate are used to produce the two independent linearly polarized states. A large area infrared photo-detector is used to detect reflected light over a wide range of angles of incidence in order to collect angular data without the need for the rotation stage used in [14] to maintain alignment as the laser source arm rotates. In order to analyze the experimental data for determination of the two independent EO coefficients r 13 and r 33 of poled polymer thin films, we consider the phase condition for reflection minima for two different FP resonator structures shown in Figure 2 : (a) the idealized simple three layer structure (air/NLOP/air) and (b) the multilayer structure (glass/TCO/NLOP/metal). We first use the mathematical expression for reflectivity to discuss the phase condition from the simple three layer structure, which can be found in most optics textbooks [15] . Then we revisit the rigorous expression for reflection from a multilayer structure, which has already been described previously [11, 14] , for application of the phase condition to the practical multilayer structure and for justification of our simplified analysis. 
Simplified Analysis Based on Ideal Three Layer Fabry-Perot Structure
The reflection coefficient for the simple three-layer FP resonator can be obtained using Airy's formula [15] . It is well known that the intensity of a reflected wave is a periodic function with respect to the phase of the reflected wave. In the case that the film is lossless, the reflectivity is given by (1) where γ = s or p represents transverse electric (TE) and transverse magnetic (TM) polarizations, respectively. The reflection coefficient at a single interface from j-layer to k-layer is (2) with the s-and p-wave impedance of each layer given by (3) where θ is the exterior angle of incidence from air and n o and n e are ordinary and extraordinary indices of refraction of the nonlinear poled organic thin film belonging to the point group symmetry (space group ). The phase terms for s-and p-polarized light are (4) where k o (=λ/2π) is the wave vector in vacuum, λ is the optical wavelength and d is the thickness of the film. Note that the reflectivity minima occur only when . When an external electric field is applied to the nonlinear film, the refractive index and the internal angle θ γ change simultaneously. In terms of the exterior angle of incidence θ, Equation (4) can be written
having used Snell's law. Because the phase described by Equation (5) has a fixed value (mπ) at the reflectivity minima, we can derive the angular shift of the reflection minima produced by the change of r 12 θg 
refractive index. Ignoring inverse piezoelectric effects, the expression for the derivative of and of with respect to the exterior angle of incidence θ is (6) obtained from Equation (5) by setting the total differential of the phase equal to zero (i.e., ). The corresponding expression including the inverse piezoelectric effect is given in the Appendix.
From the angular shift of reflectivity minima, the modulated refractive indices Δn s and Δn p can be calculated using Equation (6) . Δn o = Δn s is then obtained directly. Δn e is obtained from Δn p and Δn o using the index ellipsoid for a uniaxial anisotropic medium [15] , viz.,
By differentiation we get (8) which includes the effect of the varying angle of refraction inside the polymer under applied voltage. Finally, solving for Δn e gives (9) It should be noted that Equation (8) is somewhat different from the corresponding Equation (29) in [12] , where the change of refraction angle inside the polymer was ignored.
Experimentally, direct observation of the angular shift of reflectivity minima under an applied voltage V is not easy because of the small angular shift and uncertainty of minima position. Application of a high voltage for direct observation may lead to damage on the thin film and the metal electrode. Use of a lock-in amplifier permits measurement of small modulations, but it is impossible to detect modulation at the reflection minima because the slope of the reflectivity is zero at the minima. The modulated reflectivity ΔR γ is measured by lock-in amplifier at incident angles around the reflectivity minima where the voltage-modulated reflectivity is in the linear regime for validation of a Taylor expansion to first order. These angles can be found where the reflectivity has the largest gradient, viz., inflection points. The derivative is numerically calculated from experimental reflectivity data as a function of angle of incidence. The changes of refractive index Δn o and Δn p are calculated using ( )
based on Equations (6) and (10) . Finally the EO coefficients r 13 and r 33 are obtained using (12) where V is the peak applied voltage to the film, and n o , n e , and d 3 are the separately measured anisotropic indices and thickness of the NLOP film. Figure 3 . Representative reflective curves without bias R(V = 0) and with bias R(V) to the film as a function of angle of incidence. ΔR can be measured using a lock-in amplifier and the slope ∂R/∂θ can be obtained by numerical differentiation of the experimental reflectivity curve.
Equations (9), (11) , and (12) are all that is needed to determine r 13 and r 33 in this simplified model. In the next section, we explore the validity of using Equation (6) for the practical multilayer structure of Figure 2 (b). It should again be noted that Equation (6) holds only at the reflectivity minima. Therefore, the angle at the inflection point should be close enough to the reflectivity minima in order to minimize a possible systematic error. Such a sharp reflectivity curve can be obtained from a high Q resonator structure containing a highly reflective transparent electrode layer. A transmission type FP method with two transparent conducting electrodes can be used, but the low finesse resulting from the relatively low reflectivity would cause broadening of the transmission peak [14] .
Rigorous Analysis Justification of the Simplified Method for a Practical FP Structure
A practical poled polymer thin film sample is a multilayer structure glass/(TCO or metal)/NLOP/metal as shown in Figure 2(b) . Similar to the simple FP structure, the reflection coefficient of the multilayer structure has the form [15] (13) where is the phase of γ -polarized light at the j-layer as shown in Figure 2 (b) and can be calculated using Equation (5) to note that the layer labels corresponding to each layer in Figure 2 (b) are different from those in Figure 2 (a). However, the reflection coefficient can be calculated using Equation (2) with corresponding refractive indices and thickness. The reflectivity for this multilayer structure is (14) but the explicit form of the phase condition for reflectivity minima is quite complicated. Numerical simulation, however, shows that the angular shift of the reflectivity minima resulting from the change of refractive index can still be calculated from Equation (6), which indicates that the value of the phase at the reflectivity minima can still be expressed as , where, at least to first order, "constant" is independent of the refractive index and angle of incidence as is in the previous simple FP case. Figure 4 shows the simulated errors of r 13 and r 33 with varying wavelengths of 1,300 nm-1,550 nm for one of the many parameter combinations we explored We assumed a 4 μm thick NLOP film with dispersive anisotropic indices and EO coefficients (n o = 1.73, n e = 1.75, r 13 = 50 pm/V, and r 33 = 150 pm/V at 1,550 nm) on 30 nm thick gold layer and calculated the angular shift of the reflection minima obtained from Equation (14) under the application of 5 V to the film. Then, Equations (9), (11), and (12) were used to extract values for EO coefficients from the changes of anisotropic refractive indices and subsequently compared with the input EO coefficients to obtain the error estimate as shown in Figure 4 . The overall errors of both r 13 and r 33 in the telecommunication wavelength range fall under ~3%, indicating that Equation (6) is valid for the analysis of the multilayer FP structure shown in Figure 2 (b). It should be noted that we use Equation (14) for numerical modeling to verify the proposed method, but not for data analysis. In principle, one should multiply the reflection coefficient in Equation (13) by the transmission coefficients at the air/glass and glass/air interfaces, but these do not contribute to the calculation of because they cancel out in Equation (10) . Also, angle-dependent transmission at the detector facet is canceled out when the calculation of Equation (10) is performed.
Error in the EO coefficients can also result from the uncertainty in the film thickness and anisotropic indices, n o and n e . This error is directly proportional to the uncertainty in the film thickness while the uncertainty in the refractive indices produces about three times higher errors in the EO coefficients because of the cubic dependence indicated in Equation (12) . For example, assuming that an unpoled refractive index is 1.71 and the birefringence after the poling process is 0.03 with n o = 1.7 and n e = 1.73, one might simply use the unpoled index for the analysis, which makes 0.6% and 1.2% errors in n o and n e , respectively; then the errors in r 13 and r 33 caused only by the uncertainty in refractive indices are about 1.8% and 3.5%, respectively. In order to minimize these errors, the film thickness and anisotropic indices should be measured more precisely by prism coupling or other techniques, such as ellipsometry, after collection of the reflection FP data and removal of the metal layer. Although removal of the metal layer is also required for the ATR measurement technique, the data analysis is more straightforward in our simplified FP method.
Numerical Simulations to Determine Range of Validity
We investigated the suitability of both ITO and a thin gold layer as the transparent electrode to determine which type of electrode is appropriate for reliable estimation of EO coefficients. Numerical simulation has been performed based on the equations described in Section 2. We simulated three different cases using 30 nm thick gold and two different ITOs as the transparent electrode. The complex index of refraction, n and κ, of gold from [16] was used for the numerical calculation. Optical properties of two different ITOs, one manufactured by Delta Technology (DT) and the other by Thin Film Devices (TFD), were measured using a J. A. Woollam ellipsometer VASE ® as shown in Figure 5 .
In the infrared, the linear absorption resulting from the extinction coefficient κ of 200 nm thick DT ITO is seen to be larger than that of 45 nm thick TFD ITO and it becomes even larger as the wavelength increases. be ~3 times thicker than its skin depth in order to ignore the back reflection from the gold/air interface. The sample containing 30 nm thick gold shows the highest finesse because of the strong reflection from gold, while the reflectivity dip from the TFD ITO layer is much broader than that of the DT ITO layer because it is relatively thin and has a smaller extinction coefficient as shown in Figure 5 . A low Q factor as shown in the sample containing a TFD ITO layer turns out to be inappropriate for the proposed FP method because of the large systematic error resulting from the use of Equation (10) to determine the voltage-induced angular shift of the resonance minimum. The derivative of these reflectivity curves are shown in Figure 6 (b). They were numerically calculated from the simulated reflectivity curves. Figure 7 shows simulated Δn e and ΔR p using Equations (9), (11) and (14) at 1,550 nm when a 30 nm thick gold layer and a 200 nm thick DT ITO were used as the transparent electrode. We find for both cases that the modulated refractive index Δn e , which is directly proportional to the EO coefficient r 33 , is within about 5% at the angle of incidence corresponding to the highest reflectivity modulation. Note that higher accuracy (less than 2% error) was achieved from the sample containing the 30 nm thick gold layer. Typical indices of refraction for NLOPs range from 1.5 to 2 at telecommunication wavelengths. In this range of refractive index and at the wavelengths of 1,300 nm and 1,550 nm, numerical simulations indicate that less than 4% error is expected to be obtained with the 30 nm gold layer, whereas the DT ITO gave less than 6% error with varying thickness and refractive index. For s-polarized light, the modulated refractive index showed much smaller errors (within 2%) compared to p-polarized light. Simulated Δn e (solid curves) and ΔR p (dashed curves) from a sample containing a 30 nm thick gold (black) and a Delta Technology ITO (blue) under assumption of no errors in anisotropic indices of n o and n e . Gray region shows ±5% error bound of Δn e , directly corresponding to the error bound of an EO coefficient r 33 .
The sample containing the TFD ITO layer, however, may give an error higher than 50% because of its low finesse resulting from relatively low reflectivity of the TFD ITO. Therefore, careful selection of a transparent conducting oxide should be made in order to make a higher Q resonator structure and reduce the error from using the simplified analysis. Once a highly reflective (absorptive) transparent conducting layer such as DT ITO or thin Au layer is employed in the sample, Equation (11) in the simplified method can be used to measure EO coefficients within an error of ~5% if the refractive indices, thickness, and angles are known precisely. On the contrary, when the simple analysis is used in other ellipsometric or interferometric methods such as Teng-Man, Mach-Zehnder, and Michelson, multiple reflection effects caused by a highly reflective transparent conducting layer may give a much larger error. We also note that a large linear absorption by the nonlinear film will result in broadening of the reflectivity and lowering the Q factor, which could affect the accuracy. However, we find that this method is still appropriate even for a highly absorptive film provided κ = is not greater than ~0.01, corresponding to ~3,000 dB/cm at telecommunication wavelengths. The electro-chromic effect, the change of the extinction coefficient with applied field, can be ignored in this range of the extinction coefficient κ. Also, Equation (6) is still valid because only the real part of the phase term in Equation (4) determines the phase condition for the reflection minima.
In this simulation, we ignored any inverse piezoelectric contribution, but it can be characterized as described in the Appendix. According to [7] , use of a modulation frequency above ~1 kHz can minimize piezoelectric effects for AJLZ53/APC to d 33 < ~2 pm/V. A d 33 less than ~1 pm/V was reported for the materials investigated in [8, 14] . However, materials with a relatively large piezoelectric contribution compared to EO effects would require piezoelectric measurements for accurate determination of EO coefficients. It is clear that the uncertainty of this simplified technique strongly depends on the finesse of FP structures and we claimed that highly reflective transparent conducting layer such as DT ITO or thin Au layer can be used for the EO characterization within ~5% error provided the refractive indices, thickness and angular positions are known precisely. An uncertainty of ±0.5° in the angular position of the reflection minimum and ~2% error in thickness can cause ~1% and ~2% errors in the EO coefficients, respectively. Including these uncertainties from angular position and film thickness, the total error of the simplified FP technique is expected to be about 8%. As discussed earlier, using unpoled rather than poled values for the refractive index can typically contribute another 2% and 4% error in r 13 and r 33 , respectively. For characterization at telecommunication wavelengths, the nonlinear film must have appropriate thickness in order to have a reflectivity dip within a range of angle of incidence from about 30-60°. This is also true for the previous reflective FP method introduced in [14] when using infrared wavelengths. For example, when the film index is about 1.7 at the wavelength of 1,550 nm, a 4-5 μm thick film will guarantee a reflectivity dip in this angle of incidence range. A rough rule of thumb is . Lower refractive index and shorter wavelength allow the NLOP film to be thinner. A thicker film may limit poling efficiency because a higher voltage for maintaining the same poling electric field can lead to damage on the film and/or the electrode. Note that there will also be bands of smaller film thickness ( ) allowing resonances in the measurable angle of incidence range, but their prediction requires the use of Equation (14). Figure 8 shows existence maps for reflection minima as a function of unpoled refractive index and film thickness within the range of angles of incidence between 30° and 60° when 20 nm thick gold is used as a transparent electrode for wavelengths of 1,320 nm and 1,550 nm. Increasing the gold thickness to 30 nm has little effect on the plots. Birefringence Δn (=n e − n o ) of the nonlinear film will slightly shift the reflection minima, but Δn of less than ~0.06 will not affect the maps very much. When birefringence is large, on the other hand, one might need to extend the range of angles to capture a reflection minimum. For wavelengths other than 1,320 nm and 1,550 nm, Equation (14) can be applied to predict the angular position of the reflection minima to find the appropriate film thickness.
Experimental Example
A nonlinear polymer thin film was prepared with 30 wt.% of AJLZ53, in an amorphous polycarbonate (APC) host as shown in Figure 9 . The 10 wt.% doped polymer (AJLZ53 + APC) was dissolved in dibromomethane for a few hours. The solution was filtered through 0.2 μm poly(tetrafluoroethylene) (PTFE) filters and spin-coated to produce a ~5 μm thick film on 200 nm thick indium tin oxide (ITO)/glass substrate manufactured by Delta Technologies (Product #: CB-40IN-0111). The film was dried under vacuum overnight at 80 °C to remove residual solvent. A 100 nm thick gold layer was deposited on the film using an electron-beam evaporator (CHA Mark-40) to serve as a poling electrode and reflector. Poling was performed in an inert nitrogen gas atmosphere near the glass transition temperature of 135 °C. The sample was heated up at 10 °C/min and the voltage was slowly increased to ~50 V/μm. Once the temperature of 135 °C was reached, the sample was cooled down to room temperature rapidly with the voltage on. Figure 10 shows the experimental data from 30 wt.% AJLZ53/APC. Because we employed highly reflective DT ITO in this sample, the simplified method was used to estimate EO coefficients. The procedure is as follows. (i) Measure the reflectivity curves using a DC voltmeter and the modulated reflectivity curves using a lock-in amplifier as a function of angle of incidence for s-and p-polarized light as shown in Figure 10 ; (ii) Numerically calculate the derivatives of each experimental reflectivity curve / ; (iii) Calculate the angular shift of the reflection minimum using Equation (10) applied at the maximum modulation point (inflection point); (iv) Calculate the voltage-induced changes in refractive indices and finally the EO coefficients using Equations (11) and (12) , respectively, with known film thickness and anisotropic indices of refraction. The poled anisotropic indices and thickness can be obtained precisely using the prism coupling technique. In our case, the gold layer was subsequently etched in order to perform an attenuated total reflection (ATR) experiment using a modified prism coupling setup [10] for verification of results from the simplified FP method as well as to obtain measurement of the thickness and anisotropic refractive indices. We obtained 15 pm/V and 50 pm/V for r 13 and r 33 , respectively, using the simplified FP analysis, which showed good agreement (within ~5%) with the values of 16 pm/V and 52 pm/V for r 13 and r 33 obtained using the ATR method.
Conclusions
We have presented a simplified reflection-mode Fabry-Perot method for estimation of EO coefficients of poled polymer thin films using a highly reflective transparent electrode layer. In the simple Teng-Man reflective method [2, 3] , a highly reflective electrode layer can produce FP effects at infrared wavelengths and result in large errors in the EO coefficients. Here, on the other hand, we have shown that we can utilize enhanced FP effects and typical NLOP samples that are incorporated with the highly reflective electrode layer such as gold or highly absorbing ITO are found to be able to give a reliable estimation of EO coefficients r 13 and r 33 separately within an error of 8-10% without a complete analysis of the multilayer structure. Rigorous analysis of the multilayer structure based on Equations (13) and (14) and optical properties of transparent electrode layer (TCO or thin metal) are not necessary for the analysis. However, accurate measurement of film thickness and anisotropic indices are important to avoid additional uncertainty in the EO coefficients. The 30 wt.% AJLZ53 in APC host poled under a relatively low poling field of 50 V/m showed an r 33 of ~50 pm/V at 1,550 nm. The EO response of the chromophore AJLZ53 yielded higher r 33 values measured independently elsewhere [7] under a higher poling field of 100 V/m. Finally we expect that the simplified FP analysis combined with a highly reflective transparent conducting layer will be an advantage for polymer synthetic efforts requiring quick and reliable screening of new nonlinear polymer materials. 
